to control the vibration of aluminum beams. Their control algorithm is of the distributed parameter type which is based on the application of Lyapunov's second method as devised by Kalmann and Bartram (1960 Figure 1 . In the figure, the controller is used to control, in the independent modal space, the ith mode of an undamped flexible structure. (1) and (2) , as the system attains its steady-state condition at time t = 00 with ii, (t = oo ) = 0 and Y, (t = oo ) = 0. Equation (1) yields and Equation (2) gives Eliminating Y, (t = oo ) from Equations (4) and (5) gives For steady-state error to be zero, i.e., u, (t = oo ) = UR&dquo; Equation (6) Figure 2 for 0 < a < oo. The corresponding damping ratio of the closed-loop system, as obtained from the root locus plot, is shown in Figure 3 as a function of cx which is the only design parameter of the system. Figure 3 The first six modes of vibration of the structure, as well as the corresponding modal shapes, are obtained using the McNeal-Schwendler finite element package (1987) . The results obtained are summarized in Figure 6 . The figure indicates that the first and fourth modes, which are flexural modes in the Y directions, occur at 2.014 and 6.535 Hz, respectively. Because of the structural symmetry, the second and fifth modes which correspond to transverse bending modes in the Z direction, occur also at 2.015 and 6.535 Hz. The torsion modes are found to be the third and the sixth modes which take place at 2.613 and 7.994 Hz, respectively.
Experimental identification of the modes of transverse vibration of the structure is carried out using the impact hammer method (Ewins, 1984 The Piezo-Electric Actuator
The piezo-electric actuator, used in this study to control the vibration of the flexible structure, is made from stacked ceramic disks housed inside a stainless Figure 6 . Modes of vibration of the test structure. steel housing that is 16 cm long and 1.25 cm in diameter. The actuator is mounted between the structural nodes 1 and 2 as shown in Figure 6 . Its main geometrical and physical characteristics are listed in Table 1 .
The actuator is driven by a 386-based microprocessor which generates the necessary control action and feeds it through a D/A converter to a power amplifier. Paz (1985) , is used to reduce the order of the structure to third order system which can be described completely in terms of the signals of the three sensors. The micro-processor uses the three sampled signals to compute the linear velocities of the structural nodes. The computed state variables (y4, y5, y,5, ~4, y5, y,5) are used to calculate the modal coordinates of the flexible system, the mode that has the highest modal energy (c~ 2 u 2 + ~,I), the corresponding optimal modal control force, f , the physical control force, F~, and the necessary voltage, v, to be sent to the piezo-actuator. The implementation of these calculations, i.e., the MPPF algorithm, is carried out in real time in 2.52 ms. With such relatively short execution time, modal frequencies up to 40 Hz can be easily controlled. This range is well beyond the frequency range considered in this study.
Experimental Results
In all the experiments conducted in this study, the structure is excited near its second mode of vibration by driving the mechanical shaker at a frequency 7 Hz. The excitations are maintained for a period of time until steady state conditions are attained. The shaker is then turned off and the structure is either left to vibrate freely (i.e., uncontrolled) or under the action of one modal control algorithm or another. The uncontrolled performance, shown in Figure 7 (a), is used as a datum for judging the effectiveness of the control algorithm.
Figures 7(b) and 7(c) show the time response of the structure when it is controlled by the new algorithm with the piezo-actuator dedicated either to the first mode alone or time shared between all the modes, respectively. It is evident that the former approach is not as effective as the latter in damping out the structural vibration. In the time sharing approach, the actuator is dedicated to control the mode that has the highest instantaneous modal energy. This is not necessarily the lowest mode of vibration as it depends on the nature of the external disturbance. Figure 8 emphasizes clearly the fact that the mode that has the highest energy varies with time. As the controller suppresses one mode it excites others, at the same time, by virtue of the spillover effect. Accordingly, the effectiveness of the new algorithm, with its time sharing capability, stems from its adaptability to this continuously varying nature of the vibrating system. This effectiveness is demonstrated clearly in Figure 9 by considering the total modal energy of the structure when the actuator is dedicated to the lowest mode or time shared between the modes. It is clear that time sharing the single actuator between the modes results in reducing the modal energy faster than when it is dedicated to the lowest mode. Figure 10 shows the frequency content of the response of the uncontrolled beam in comparison with the controlled beam. These characteristics are obtained by sampling the position signal of the structure at node 15 by a spectrum analyzer and performing on it an FFT analysis. The figure emphasizes the effectiveness of the new algorithm particularly when it is provided with the time sharing capability. Table 2 gives a quantitative comparison between the different modal control strategies based on the measured modal damping characteristics.
The results obtained indicate that the MPPF algorithm, without time sharing, has enhanced the damping ratio of the first mode by a factor of 5.86. The effect on the damping of the second mode is found to be negligible. However, augmenting the MPPF algorithm with the time sharing capabilities has resulted in increasing the damping ratio of both the first and second modes. Compared to the uncontrolled structure, the damping ratios are enhanced by factors of 4.6 and 2.8 respectively. 
